The role of bile in manganese metabolism and homeostasis was studied in Holstein bull calves fed diets containing 32 ppm manganese (normal) (control) or 1,000 ppm supplemental manganese (high-manganese) for 2 weeks before and 1 week after intravenous (IV) and duodenal S4Mn dosing. After dosing, all the bile was collected at 15 and 60 minutes, hourly to 12 hr and daily to 7 days. All calves were sacrificed 7 days after dosing to determine the tissue S4Mn distribution. High-Mn-fed calves secreted 48% of the IV S4Mn dose in bile over the 7-day period; which was 12 times that in bile of control calves. In contrast, after duodenal dosing, only a very small amount of S4Mn was secreted in bile by either control (.32%) or high-Mn-fed (.30%) calves over the 7-day period. With both methods of dosing, calves fed the high-Mn diets had a lower average S4Mn concentration in most tissues taken than calves fed the control diet. These data from IV dosing confirm earlier work that excretion and tissue distribution of injected S4Mn is very sensitive to dietary Mn. The data from duodenally-dosed calves showed that the amount of Mn absorbed is decreased by higher dietary Mn intake. In contrast to previously held theory, enterohepatic circulation of Mn apparently plays only a minor role in homeostasis of fed Mn. Manganese homeostasis in calves appears to be the result of changes both of absorption and
INTRODUCTION
Tissue content of manganese (Mn) remains relatively uniform over a wide range of dietary intakes (Cotzias, 1958; Underwood, 1971) due to effective homeostatic control mechanism(s) (Miller, 1973) . Bile was regarded as the main route of endogenous Mn excretion in animals (Greenberg et al., 1943; Thomas, 1970) , and enterohepatic circulation of bile has been considered the principal regulatory mechanism of Mn homeostasis (Papavasiliou et al., 1966; Underwood, 1971) . However, Greenberg et al. (1943) reported that when Mn was administered parenterally 26 to 37% of the dose was excreted in bile, whereas when given orally only 1% was excreted in the bile in 48 hours.
It was generally accepted that only 3 to 4% of an oral dose of Mn is absorbed (Greenberg et al., 1943) and that the percentage of Mn absorbed does not vary with dietary concentration (Britton and Cotzias, 1966) . Endogenous excretion of Mn is very sensitive to level of dietary Mn (Cotzias and Greenough, 1958; Bertinchamps et al., 1966; Watson et al., 1973) . However, differences in endogenous excretion alone cannot account for all the effects observed on tissue S4Mn of animals fed various concentrations of dietary Mn (Howes and Dyer, 1971; Carter et al., 1974; Abrams et al., 1976) .
In this research intravenous and duodenal dosing of S4Mn were employed to further define the role of bile in Mn metabolism in calves fed normal and high-Mn diets.
MATERIALS AND METHODS
Holstein bull calves weighing an average of 80 kg were assigned randomly to two dietary treatments, eight to a normal Mn diet (control) 1108 JOURNAL OF ANIMAL SCIENCE, Vol. 45, No. 5 (1977) containing 32 ppm Mn and eight to a high-Mn diet consisting of the control diet plus 1,000 ppm supplemental Mn as manganese sulfate (MnSO4.H20). Calves were fed the diets at 3% of body weight daily in two equal feedings. The control diet had the following percentage composition: ground corn 65 (4-02-931) s, soybean meal 22 (5-05-604) s, cotton seed hulls 10 (2-01-604) s, mineral and vitamin mix 2.02, sodium chloride .9 (6-04-15) s and oxytetracycline-HC1 (5.5%) .08 (8-03-479) s. The diet included 8,000 IU of vitamin A per kg as the palmitate and 800 IU of vitamin D3 per kilogram. By analysis the control diet contained: .7% Ca, .9% P, .3% Mg, 30 ppm Fe, 29 ppm Cu, 55 ppm Zn and 32 ppm Mn.
After a 1-week adjustment to the diets, indwelling tygon catheters were sutured into the bile ducts and duodena of all calves and exteriorized through right flank stab incisions (Pate et al., 1970) . The seventh day after surgery, calves fed each diet were given a single tracer dose of 605/~Ci of carrier-free SaMnC12 through the duodenal catheter (duodenally dosed) or 303 /~Ci in the right jugular vein (IV-dosed).
Total bile was collected from the bile catheters at 15 and 60 min, hourly to 12 hr and daily to 7 days after dosing. Only calves were used in which free flow of bile was no problem. The bile was not returned to the animals to prevent any reabsorption of SaMn secreted in bile from confounding the effect of dietary Mn on S4Mn uptake from the gut, tissue S4Mn uptake or biliary excretion of S4Mn. The period of time required to produce a Mn deficiency in cattle fed a Mn deficient diet (Rojas et al., 1965) indicates that bile removal for the short time of this study would have no material effect on the Mn status of the animals.
The seventh day after dosing, calves were anesthetized by sodium pentobarbital and killed by cannulation of the carotid artery to remove blood from tissues. The following tissue samples were analyzed for S4Mn: heart, liver, kidney, gallbladder, pancreas, muscle (semitendinosus) and small intestine. The small intestine (SI) was divided as follows: SI 1 (lst 1.8 m), SI 2 (2nd 1.8 m), and SI 6 (last 1.8 m).
s International Reference Number (Harris et al., 1968) .
6 Manufactured by Baird Atomic, Cambridge, MA, Model 709.
The S4Mn activity of samples was determined with an automatic gamma ray counter test tube changer system with a NaI (TI) well crystal 6. Tissue S4Mn concentration data were adjusted to a uniform body size for all calves. Within each method of dosing the data were analyzed statistically by analysis of variance (Snedecor and Cochran, 1967) .
RESULTS
The peak hourly rate of S4Mn secretion in bile of IV-dosed calves (figure l-A) fed the high-Mn diet was observed at the first collection (15 min). The rate declined sharply from 15 min to 3 hr and then stabilized up to 12 hours. Although the rate was much lower in control calves, peak hourly S OMn secretion rate also was observed at 15 rain; the rate then declined to 1 hr and stabilized up to 12 hours. Highest daily SaMn in bile of IV-dosed calves (figure l-B) occurred during day 1, with high-Mn calves excreting about 13 times as much of the dose as controls (29.2 vs 2.3%, respectively). Secretion of the high-Mn diet declined rapidly for 2 days, then the differences gradually narrowed and by the sixth day secretion rates were similar on the two diets.
During the first 12 hr (figure l-C), 21% of the dose accumulated in the bile of high-Mnffed calves while only 1.4% of the dose was in the bile of controls. Over the entire 7-day period (figure l-D), calves on the high-Mn diet secreted 48% of the total dose in the bile, which was 12 times that of control fed calves.
In duodenally-dosed control calves, the peak hourly SaMn secretion rate occurred at 15 min after dosing (.57% of the dose per hr), but in high-Mn-fed calves the peak was at the 1-hr collection (.05% of the dose per hr) (figure 2-A). The rate in control calves declined sharply to 1-hr and in high-Mn calves up to 6 hours. Thereafter throughout the 12 hr period the rate remained approximately constant for calves fed both diets.
Peak daily s 4Mn in bile of duodenally-dosed calves (figure 2-B) occurred the first day in calves fed both diets, and the total amount of SaMn secreted daily was similar throughout the 7-day period. The average accumulative S4Mn in bile the first 12 hr after duodenal dosing (figure 2-C) was not significantly greater (5% level) in control calves than high-Mn-fed calves, but the maximum from either diet was only about .2% or less of the dose secreted over the 12-hr period. The cumulative 7-day secretion of duodenally-dosed calves (figure 2-D) was not significantly affected by dietary Mn level. The total amount of SaMn over the 7-day period was only .32% and .30% of the dose for control and high-Mn-fed calves, respectively.
In body tissues (table 1), highest S4Mn concentrations from both IV and duodenal dosing were in the liver, followed (in descending order) by the pancreas, kidney, gallbladder, heart, muscle and blood. Of small intestinal tissues (table 2), the SI 1 section had the highest content in duodenally dosed calves fed both diets with far less in the SI 6 section. In contrast, with 1V dosing, S4Mn in SI 6 tissue was as high or higher than in SI 1 tissue.
In IV-dosed calves, feeding the high-Mn diet substantially decreased (5% probability level) S4Mn in pancreas, kidney, gallbladder, heart and muscle. The high-Mn diet also decreased (not significant at 5% level) liver and blood s 4 Mn concentration (table 1). In the duodenally dosed calves, feeding the high-Mn diet decreased (not significant at 5% level) average S4Mn in the tissues other than liver. The S4Mn concentration was far higher (Generally values for comparable tissues were about two orders of magnitude different) in all tissues studied after IV dosing than after duodenal dosing in animals fed both diets (tables 1 and 2).
Due to its comparatively large size and its high concentration, the whole liver contained far more total S4Mn than any other whole organ studied from both methods of dosing (table 3) .
Discussion
These bile data from IV dosing of calves agree with reports from rat experiments by Cotzias and Greenough (1958) and Britton and Cotzias (1966) , which indicated that excretion of parenterally administered S4Mn is very sensitive to dietary Mn level. The accumulative IV data over the 7-day period also agree with the results reported by Greenberg et al. (1943) that up to 50% or more of the endogenous loss of Mn is carried by bile. A significant amount of Mn absorbed from the gut is normally transported promptly into bile (Papavasiliou et al., 1966) . However, Mn must be absorbed before it can be secreted in bile. While the data from duodenal dosing in this study show that absorbed S4Mn rapidly appears in bile, the data also show that high Mn levels do not result in increased secretion of duodenally administered s 4 Mn in bile. Rather, the very small amounts of S4Mn secreted following duodenal dosing on either diet show quite clearly that the level of dietary Mn had no great effect on biliary excretion of duodenally administered S4Mn. These data are consistent with the concept developed from data of Abrams et al. (1976) , that change in the percentage absorbed is a major route of homeostatic control for manganese.
The far higher tissue S4Mn in IV-dosed calves compared with those dosed duodenally show that the tissues were capable of binding much more S4Mn after duodenal dosing than was actually taken up. This indicates that following duodenal dosing the low tissue S4Mn content was due to less total S4Mn being absorbed and not that S4Mn was absorbed and secreted in bile as suggested by Papavasiliou et al. (1966 proposed that a possible site for homeostatic control of Mn is the intestinal mucosa, whereby much of the Mn taken up by the mucosa reenters the intestinal lumen instead of being transported into the blood. That bile S4Mn was the same and very low in control and high-Mn fed calves after duodenal dosing showed the important intestinal effect on tissue S4Mn uptake. In the present study, the different trends observed in Mn secretion through bile after IV vs duodenal dosing also suggest an intestinal control site of Mn homeostasis, but the mechanism was not established.
The tissue SqMn data of this study agree with other studies (Howes and Dyer, 1971; Carter et al., 1974; Abrams et al., 1976) reporting a reduction at high dietary Mn levels. However, in the present study, tissue SaMn could not be influenced by an enterohepatic circulation of Mn. The bile data show that dietary Mn has a greater influence on the secretion of injected Mn via bile, which has been the basis for the widely.accepted theory of endogenous excretion being the only homeostatic control mechanism for Mn (Britton and Cotzias, 1966) . However, animals obtain manganese from the diet, and the data from duodenally dosed calves indicate that the total amount of Mn secreted in bile is very small and not directly related to dietary Mn. Thus, enterohepatic circulation of Mn in bile which plays the key role in homeostasis of injected Mn does not play a comparable role in homeostasis of fed Mn. Rather, Mn homeostasis in calves fed varied amounts of dietary Mn appears to be the result of changes both of absorption and endogenous fecal excretion of manganese.
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